-A177 492 OPTIMIZATION OF NOTOR/GERR DRIVE SYSTEN FDR ELECTRIC 1/4
RPY(U) NU-TECH INDUSTRIES_INC DAYTON H N 15SACSON
OCT 86 AFWAL-TR-87-2813 F33615-86-C-26
UNCLASSIFIED F/G 18/2




o o
XA AT,

i

4

2

.

.‘.’

.

5

b,

t IO l.: Wg mg -
i = k)
" S oam 20
8 "" .
y = =

Hizs s s

.9‘;’

VICROCOPY RESOLUTION TEST (HAW:

]
g
\ NATENG A s LA
s

)
RN

- S
"‘v:_‘.}'l“‘t. o )

=

CRCIPELs)

|
b

X
R,

s

o O . O . . ® [ ® @ L J L @ ® .~ @
R 3 (P E LR v K - ) M
,.-,. o g\, ‘-’\ W 3 \;.1' *‘w_ T B B A A N s N AN
.\i‘u t AR SO AR\ NE o NN NS
W e Y r‘ o~ .r.r.¢ M RN AR TINES \ - RN
u,n‘..kl - SATATASA e . AN

. 3

\ -y
" ‘. ‘A, - .' 4

RN a“v’



)

n AFWAL-TR-87-2013

B o

i e))

‘d- OPTIMIZATION OF MOTOR/GEAR DRIVE SYSTEM FOR ELECTRIC RPV

Y ™~

Sy L3y Milton Isaacson

h <

U | Nu-Tech Industries, Inc.

AS .

N Q 5905 Wolf Creek Pike

: Dayton, Ohio 45426

DL §

S

; October 1986

)

N

'-J
::" Final Report for Period January 1986 - September 1986

.‘: )
1 .
' »

)

j\‘. Approved for Public Release; Distribution Unlimited

Lo

L

&

[ =

L)
- \ )
3 N d
\
4N

)

..\

- =

*..’ }
AN
E 3
WY :
¥y LLJ . Y
° g Voo

g ] . .

_-‘. ] l-‘ .. o ‘ "‘“"l

:~: g ] L8
. . ~ oy '
!.. w A "387 Y }

- _

¢ 2
..’ ..-
A A

.
L

AERO PROPULSION LABORATORY

AIR FORCE WRIGHT AERONAUTICAL LABORATORIES

AIR FORCE SYSTEMS COMMAND

WRIGHT~-PATTERSON ATR FORCE BASE, OHIO 45433-6563 t

]

| R RRRRARS

o5
a3
v
L e
~
N
N

. AN A LR LA PN
Br e ey WICIICNEN

" .

l'l

Cu * o G W g My A -
RRCRIRRRG i




NOTICE
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Nu

PROJECT SUMMARY

.- The goal! of Phase 1 was to prove tne feasibility of using & high ]
o speed brushless dc motor for propulsion in an RFY application. The v
- electric propulsion system would i1nclude a brushless dc motor, g
! electronic controller, and gear reducer that 1= optimaliy z1zed for

the crutsze condition of zn RPU,

Fert+ormance testz were to De conducted to measure developed power,

ﬂ while driving a propellier loaded at the cruise condition, and to test
B for the adequacy of heat rejection from the motor in the RFV
configuration. The system was to be packaged for minimum size and )

weight.

A complete etectric propulsion system consisting of a brushless dc

i' motor, controller, gearbox, and propeller was configured and bench

X tested. Heat rejection tests were alsc performed on the brushless d¢ .
[ ] motor in the RPV configuration. The final system of motor, :
X controller and heat rejection hardware was then packaged for minimum N

size and weiqght.

In the bench power tests output from the motor was measured to be S
hp. The heat rejection tests showed that adequate cooling should be
attainable through further improvements in a total cooling system.

~ -

f:. The final assembly of motor, controller and heat rejection hardware N
f: weighed only 11.6 pounds. That is much less than the 25 pound target
. of the original solicitation. )

The feasibility of using a high speed electric propulsion svstem for

.; RPV applications was proven by the succesz of this Phase [ effort. '
K" - The Phace I results show that continuation of the development effort .
'i to Phase II ie justified. R
o S
" High power density brushlecss dc motors also have significant N
® potential for use by the government in applications other than the 3
o RPV. GSpecitic applications 1nclude the aircraft starter/alternator, ;
ﬁ and aircraft systems such as air cooling and auxiliary power drives. !
N Potential industrial applications include spindlc power drives, fans

. and blowers, oil and gas well auxiliary power drives, and wind tunnel }

power devices.
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PROJ=CT OBJECTIVES

The goal ot Phase | was to prove the feasibilily of electric
propulsion tor RFV applications by gemonstrating the performance
capability of a brushlecss dc motor with electranic controller and
gear reducer =vstem that i1c confiqurec for optimum s3ize and weight.

TEEL A

-

pe-if1¢C J A RE

i
v h BN

Confrgure an sieZtry I procalzior zrestem vor RPEY agpiirceation
conststing ot a brushliess dc motor, controller, gearbox, and
propeller.

Pl

The speed reducing gearbox allows use of a high speed motor,
thus giving access to the inherent size, weight, and
efficiency advantages of high speed brushless dc motors.

Design, fabricate and test a light weight, brushiess dc motor and
companion electronic controller to generate S hp and 10 hp at
propeller speeds of approximately 5,000 and 4,300 rpom
respectively.

Test the xdequacy of heat rejection from the high power density
brushless dc motor in the RPV configuration.

Package the motor, controller and heat rejection hardware for
minimum size and weight.
WORK PERFORMED
otor Dewelopment

an and

CEN
tabrirzation,

The Motor Olewvelicoment =f+o0~t Zonzisted of ¢ motor d
tabrication, 2) heat rcjection haroware d95|gn an
and 3> component bench tests,

The following discussion 1s not always chronological because
studies of different characteristics (e.g. heat rejection and
no-load performance) and hardware (e.g. new and existing motors)
were sometimes performed concurrently.

The initial motor design was chosen to be a 4 pole, 4 phase
configuration. This was chosen to attain high speed operation
with minimal “"iron loss" (eddy current and hysteresis loss in the
stator stack)., The stator was constructed using 24 slot
laminations because they provided the narrowest bridge rin
cogqging {for eace of starting), and a peak efficiency locsz

ne3- the cperatinz porrn*,
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h;\ A preliminary performance test was run on an existing 2" long (a
I length specification pertains to the stack length of the stator .,
'ni 4 pole maotor. The test showed tnat a 2" long motor was too

ﬁd power+ul +or the RPU applicartion, and that it‘s peak efficiency
'ﬁ‘ was located ton a plot of motor speed versus torque) too far to
ni{ rignt of the required peak torque. This test implied that

:; adequate power (torque) should be obtained from a 1" motor.

A

ol ~ computer analvsziz was maae for & 1" long mator which predicted
?{ That 30 ootimum winding AQzzion tor @ o= nnase., = pole motor would
‘{} yse & turns ot #le AWG magnet wire, &~ motor, desianated DIZZ

o ~TH#! was constructed to those conditions. Unfortunately, one

G phase of the stator winding was shorted to ground, and so the

‘ motor could not be run under load. The motor could however be
‘\} operated as an unloaded generator.

A

,:§ The no-load data that was taken with the D222 LCH! motor showed
,:A that the chosen 6 turns, #1686 winding would not yield the desired
g no~-load speed at the selected level of 200 wdc for 10 hp

@ operation. Based upon this no-load testing, the motor winding
’:?. was changed to ? turns of #17 AWG magnet wire.

Qj: During the course of that winding change, the opportunity was

N takern to switch to a better stator lamination. This new
l\“‘ lamination, which was not availabie at Nu-Tech at the time of the
' assembly of LC#H!, was thinner than the first one used. This

AT characteristic should lead to a reduction in stator "iron loss”®.
o Also, a Nomax end insulator was added to the motor to insure

e against another short to ground condition. The modified motor
P was designated D222 LC#H2.
C) The failed stator of the D222 LC#! motor was later used 1n a rig
e ta test tor motor heat regection. Two designs of a finned motor
e Zase were constructed. The designs were desigrnated 4-072 'navaing
- 24 finz znd weiqghing 2.42 pounds) and &4-07F {(Z0 finz weichning

}j- 0% pounaz?.  The stator and cate were Instrumentsc with

YN thermocoupliez. Current was passed through the stator to simulate
®. motor oreration, and the temperature due tc stator heat

W generation was recorded while air was passed over the finned

- housing at about 34 mph. The 4-072 case (the one chosen prior to
M the above testing to be used in the system testing) experienced a
{j} temperature rise of 152 degrees C at a stator heat dissipation

-~ rate of 750 watts.

N

T Heat dissipation needs to be improved, and Nu-Tech is approaching
A that need in two directions. First, all motor designs are
32; considered in terms of the potential for highest attainable
P efficiency. As efficiency 12 increased, the amount of waste heat
Fﬁs that mus*t be drc=zipated 12 reduced. 5Secaondly, Nu-Tech 1<

) tnoesztygatan mathooz tnat might be uzed tc enhance *the tranzter
-'_ TeoThie ea e oM bhe moror azzemDi - 0o %c the airstrzam.,
o
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The motors were first component tested to determine performance,
ezpecially the peak efficiency at low speed (10,000 rpm,
no—load). The approach was tc tirst maximize the efficiency at
low speed., azsuming that the marximum efficiencies would equally
compare tor ditterent motor designs at the higher cpeeds.

The nitial power testing. performed by pulley and string, of
222 LCHZ shawed that tne maximum motor efficiency for the 10,000

rom no-1ocad speed curve was only &4k, A number of dezian
modrfrzation: weme Toied on omoge LRI, itncluding minamiZing ead
tengtrsz anc usinc ntah woltane, i1ow resz!3tance tranzistors,

rowever , tne testing indicated that the peak efficiency could not
be significantly increased.

The motor was therefore changed to a & phase, 4 pole
unidirectional current design. But testing of this motor,
designated D222 LCH3, showed a maximum no-load motor efficiency
(for the 10,000 rpm no-load speed curve) of only &7%. With these
results it was suspected that anm & pole motor was required to
attain significantly higher motor efficiencies,

An existing 4 phase, S pole, unidireztional current motor
(desiagnated D181 LCH4) was then tested to see if peak efficiency
was 1mproved in the 3 pole contiguration. =~ he test of that motor
showed a peak efficiency of 80 and a stall torque of 510
ounce—inches. That data confirmed that the 8 pole configuration
could improve the peak efficiency.

With that information, a & phase, 8 pole unidirectional motor
(designated D222 LC#4) was constructed.

ise of an 8 oole mator forces a change in the speed for optimum
performance because with a greater pumber of polez (more magnetic
tlux) oealk efficiencv apoears at a lower speed and higher

torgue., Lher2as the previous 4 pole motors were dezigned to
cperate at approximately 42,500 rpm (the gear ratic of £.5 times
the cruise propelier speed of 5,000 rpm), the new 8 pole motors
were designed to operate for pealk efficiency at approximately
32,400 rpm for cruise. That speed change required that the
propeller design speed be changed (using the same gearbox).

Because of an insufficient quantity of thin 24 slot laminations,
the new motor (D222 LCH4) was constructed with standard
thickness, 24 slot laminations and with standard potting
compound. The thicker laminations and the standard compound were
less optimum relative to heat rejection rate and thus the heat
rejection rate of the new motor was reduced to 625 watts
(compared to 750 watts for the stator of D222 LC#1)> at 152

gegreez L,
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2%
e f The D222 LC#4 motor (8 pole, 6 phase) was tested using coth
i General Electric and IXYS Corporation transistors. The test with
R - IXYS transistors showed stall torque (for a no load speed of
:5& 10,000 rpm) of 700 oz-in a peak efficiency of 83%4. That motor
o (D222 LC#4) was therefore used in the propulsion system that was
) ﬁj assembled, tested and finally delivered to the Air Force.
o
A
;2< Controlier Development
SR
‘;f: This eftort consisted of the controller design and fabrication.
\T? During preliminary studies of speed control for the RPV
' application, it was learned, through performance tests of a
?__\ small, existing motor, that the planned speed control method
nj. could not provide adequate motor operation at both the cruise and
AN climb conditions. This was an important finding and it caused
o significant reanalysis and replanning of the methods needed to
Fy vary motor performance between the cruise and climb conditions.
S Nu-Tech believes that the highest power density power source for
SR the application is a hydrogen/oxygen fuel cell (npow under
. development by Nu-Tech)>. After finding speed control to be
L inoperable over such a wide range in power of S5 to 10 hp, Nu-Tech
e decided to apply the efficient continuous on-time voltage (the
0 originally planned method used an inefficient discrete on and off
e time of applied voltage) at approximately 150 vdc for cruise
o operation, and to obtain climb power by also applying the
:jy efficient full on—-time supplied voltage at approximately 200
'S vdc. Unfortunately, the fuel cell or any battery system cannot
~ operate at two voltage levels without significant increase in

size and weight.

O

:i;: Next it was considered to use a technique of dual winding of the
ﬁik maotor. Although this method could be utilized, it was clear that
'{;5 signifticant, further development is needed toc make the technique
.}5{ usable for the RPV application.
"L& The most promising approach to an overall solution rests in
:fQR accomplishing climb using only a slightly higher power than is
v used for cruise, perhaps a 10X increase. This power increase can
o be achieved, without loss in efficiency, by utilizing Nu-Tech’s
f:ﬂ unique speed control technology. Hence not only is motor size

i: and weight minimized, but so too is that of the electronics and
% battery system. Because of what this offers in improved payload,
NS Nu-Tech decided to discontinue any 10 hp development and to
. concentrate on testing at the 5 hp condition where efficiency
e could be optimized.
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In regard to the subject of commutation, a high frequency
oscillation was ercountered on the back EMF signal. The
cscillation, or ringing, interfered with motor commutation.
Therefore a "protective window®” was programmed into the
controller by software to prevent the transistors from receiving
false signals caused by the ringing. Should the ringing exceed
the protective window, the transistors will fail, The coftware
was optimized to provide the widest window without interfering
with commutation. A marked improvement in holding the ringing
within the window and providing commutation to the required
output (5 hp) was facilitated by using a dual winding on the
stator and a doubling of transistors within the electronics.

System Configuration and Test

The System Configuration and Test effort included 1) propeller
selection and calibration, z, system assembly, and 3> system
testing.

Nu-Tech originally planned to use a propeller that had earlier
been obtained from Sensenich Corporation of Lancaster, PA.
However, it was found that the propeller could not be used
because it could not abscrb 5 hp at 5,000 rpm (It would have had
to run much faster at that power level.)> Nu-Tech therefore
obtained a new propeller from the Prince Aircraft Company of
Waterville, OH. That propeller, which was white in color and was
thus labeled the "white" propeller, was sent to the Southwest
Research Institute for modification and calibration. The
Southwest Research Institute reduced the tip diameter of the
propeller (form the original 30 inches to 21.75 inches) such that
the propeller then would absorb 5 hp at 5,000 rpm and 10 hp at
6,300 rpm. This vielded a "calibrated” propeller that could be
used in absence of a load dynamometer to judge the output of the
motor.

The compiete propulsion system, including the motor, controller,
gearbox, and white propellier was assembled and subjected to a
powered bench test. The voltage applied to the motor was
incrementally increased up to 120 vdc which yielded a motor speed
of 29,790 rpm and a propeller speed of 3,488 rpm. Using the
propeller’s power calibration curve, that speed equates to a
power of 1.45 hp.

----------
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As stated earlier, it was learned that an 8 pole motor would be
required for the application. (The white Prince propeller was
selected for a 4 pole motor.> With the change from a 4 to 8 pole
motor design, it was necessary to change the motor’s operating
speed to attain optimum performance. Because there was
insufficient time to allow a change of gearboxes (a lower ratioed
gearbox would have allowed use of the previous propeller speeds,
i.e. the white Prince propeller) 1t was necessary to obtain & new
propeller.

The new propeller was also cottained from the Prince Aircratt
Company, and it was labeled the "black" propeller because of its
color. To allow a ireduction in motor speed from 42,500 rpm to
32,4600, the black propeller was designed to absorb 5.0 hp at
approximately 3,800 rpm. Due to insufficient time, the black
propeller was not calibrated.

It was planned to perform all powered testing using an electric
dynamometer. However, testing with two different models showed
that the devices worked well at speeds up to 10,000 rpm, but that
the power data was not accurate at higher speeds. The method of
power measurement was therefore broken into two approaches.

At conditions of low speeds, below 10,0600 rpm, the power was
measured using either the string and pulley method, the
dynamometer, or both (as a check), To determine the power for
conditions of higher speed, Nu-Tech developed a mathematical
calibration procedure which was based upon the principle that
motor torque sensitivity (i.e. stall torque per ampere) remains
relatively constant over speed. That is, torque is proportional
to current. The torque sensitivity was measured by pulley and
string methods. That sensitivity was then used to mathematically
caoanvert the measured motor currents (at much higher speeds under
dvrnamome ter loadtng)> to output torgque.

Sewveral years ago, MNu-Tech developed an analy»tical method of
predicting peak efficiency operating conditions for brushless dc
motors. That method, which uses end point intercepts of straight
line curves, relates no-load speed and stall torque to no-load
current and stall current. The method was used to check the
results of the above torque sensitivity approach and it was found
to closely agree. This correlation gives Nu-Tech high confidence
in the method used to convert measured motor current to motor
output torque,.

The complete propulsion system, including the motor, controller,
gearbox, and black propeller was assembled and subjected to a
powered bench test. The system was run up to an applied vol tage
that equalled the limits of the power supply. The power supply
wacs modirfied to allow a higher voltage and the test was continusd
until the appltied woltage reached 150 vde. At that condition the
measured propellier zspeed was 4,003 rpm.
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Using the mathematical method of converting measured motor
current to output motor torque, the motor (not including gear
train) power was determined to be 5.12 hp for the 4,003 rpm
condition.

“n important part of the svstem testing involved the study of
starting the motor under conditions of full battery voltage. For
arh early, 4 phase motor, starting was actually performed using an
rnertira load similar to that of a propelier under conditions of

an applied +ull wvoltage of 150 wvdc. However, for the final, &
phase motor, time drd not permit the development of the same
capability 1n that new motor system.

The 6 phase motor was configqured to start in the following
manner. First, 35 vdc are applied to the motor. Pulse width
modulation of the applied voltage is used to prevent an
over—current condition which could cause burnout of the
transistors. The motor i1s started utilizing an AC mode of
cperation. That mode is continued until the motor attains a
speed (approximately 1,000 rpm)> sufficient to allow the motor to
enter 3 DC mode of operation. Once in the DC mode, the applied
voltage is increased to any higher value up to a maximum of 1530
vdc at which voltage full power (i.e. 3 hp) is attained.
Starting of the & phacse motor under full battery voltage must be
addressed in Phase I1.

The Nu-Tech drawing (number S50A002) of the final motor
configuration, the one delivered to the Air Force, is included in
this report,

RESULTS

1. A complete electric propulstan svztem consizting of a brucshleczs
dc motor, controller, agezarbox, and propeller were configured that
has potential as an RFY propulsion svstem.

ro

A light weijght, brushless dc motor and companion electronic
controller was produced and tested at a power level in excess of
5 hp at a propeller speed of 4,003 rpm. (The gear train output
was slightly less than S hp.?>

3. Heat rejection from the high power density brushless dc motor was
tested in the RPV configuration. The results show that improved
and adequate cooling should be attainable through concentrated
analysis and design of a total cooling system.

4., The motor, controller and heat rejection hardware were packaqed
t+or minimum size and weight, and actually weighed much le2ss than
2% pound target of the original zolicirtation.

the
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The final Phase I component and system weights are as follow:

Stator 2.42
Rotor & Bearings 0.77
Subtotal

Fin Housing Assy
Gear fAssy

Base Assy
Circuit Board

Heat Sink
Subtotal 1.16

Total Weight 11.59 pounds

The Phase 1 goal of proving the feasibility of electric
propulsion for RPV applications by demonstrating the performance
capability of a brushless dc motor with electronic controller and
gear reducer system that is configured for optimum size and
weight was attained.

These Phase I results show that continuation of the development
effort to Phase II is justified.
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